The large spin-orbit interaction in the lanthanides implies a strong coupling between their internal charge and spin degrees of freedom. We formulate the coupling between the voltage and the local magnetic moments of rare-earth atoms with a partially filled 4f shell at the interface between an insulator and a metal. The rare-earth-mediated torques allow the power-efficient control of spintronic devices by electricfield-induced ferromagnetic resonance and magnetization switching.
Introduction.-The power demand for magnetization control in magnetic memories is an important design parameter. The power consumption of voltage-driven magnetization dynamics can be orders of magnitude lower than the one of electric-current-induced dynamics [1] . In addition, electric voltages are a more localized driving mechanism compared to magnetic fields [1] . From the experimental point of view, magnetization reversal [2, 3] and ferromagnetic resonance [1, 4] driven by electric voltages have been achieved. In those studies, transition-metal films are capped with an insulating barrier that prevents the electric current flow. The main mechanism to couple voltage and magnetization is the control of the perpendicular magnetic anisotropy [5] . The magnetization has been manipulated by electric fields for the first time in (Ga,Mn)As [6] and also in magnetoelectric materials [7] [8] [9] .
The spin-charge coupling that causes the observed phenomena has been modeled by the Rashba [10, 11] and Dzyaloshinskii-Moriya interactions [11] [12] [13] , whose origin is the relativistic magnetic field induced by linear momentum of the electron in a transverse electric field. On the other hand, the spin-orbit interaction in central fields of single atoms can best be expressed in terms of the effective magnetic field generated by orbital angular momentum.
Here we focus on local magnetic moments in a condensed matter system for which the second picture of the spin-orbit interaction is the best starting point.
Local magnetic moments in solids are formed by partially filled 3d and 4f shells of transition metals and rare earths, respectively. The former are relatively light, and their spin dynamics are dominated by the exchange interaction, with correction by the crystal fields. Rare earths (REs), on the other hand, have their magnetic subshell shielded by outer shells, which decreases the effect of crystal fields and allows the electrons to orbit almost freely in the central Coulomb field of the ionic core with large nuclear charges. The spinorbit interaction (SOI) of REs is therefore large and freeatomic-like. Since SOI couples the electric and magnetic degrees of freedom, we may expect significant effects of electric fields on the RE magnetization dynamics. Control and switching of RE moments by crystal fields in multiferroic systems has been predicted [14] .
Here we study the voltage-driven dynamics of rare earths at the interface between a magnetic insulator (or bad conductor) and a metal. When one of the layers is magnetic, the presence of REs at the interface strongly couples the magnetization to an applied static and dynamic voltage by the local spin-orbit interaction. Electric fields, applied by high-frequency signal generators, for example, are constant inside an insulator but nearly vanish in a metal. The large spatial gradients of the electric field at the interface renormalize the RE electrostatic interactions with neighboring atoms (crystal fields) and appear as a voltage-modulated magnetic anisotropy and the associated magnetization torque that we derive in the following in more detail.
Magnetism of rare-earth ions.-In the Russell-Saunders scheme [15] , the total spin (S) and orbital (L) momenta are the sum of the single-electron momenta of the 4f orbitals S ¼ P j s j and L ¼ P j l j . The spin-orbit coupling reads H SOI ¼ ΛS · L, and the coupling parameter Λ is positive (negative) for less (more) than a half filled subshell [15, 16] . The total angular momentum vector J ¼ S þ L and the angular part of the eigenfunctions can be written as jΨi ¼ jS; L; J; J z i, where the quantum numbers are governed by
is the z component of the vector J, and ℏ is Planck's constant divided by 2π. The lowest-energy state of RE ions as governed by Hund's rules [15] are listed in Table I . The Wigner-Eckart theorem ensures that within this ground state manifold the angular momenta are collinear, viz. S¼ðg J −1ÞJ and L ¼ ð2 − g J ÞJ in terms of the Landé g factor g J . Furthermore, for constant ðS; L; JÞ, the orbital symmetry axis and the spin vector move rigidly together [17, 18] , implying that the atomic charge and spin distributions are strongly locked by the spin-orbit interaction. The electron density of a partially filled 4f subshell can be written as
where r ¼ rr is the position vector in spherical coordinates, R 4f ðrÞ is (approximately) the radial part of the 4f atomiclike wave function, and the spherical harmonic Y m l 3 ðrÞ describe the angular dependence. f m l ;m s is the occupation number of the single-electron state with magnetic quantum numbers of orbital m l and spin m s angular momenta. The density n 4f is normalized to the number of electrons in the 4f shell N 4f ¼ R n 4f ðr; tÞdr. The typical 4f radius hri ∼ 0.5 Å is much smaller than typical interatomic distances R ∼ 3 Å, which motivates the multipole expansion [17, 18] Table I . m ¼ −J=jJj is the unit magnetization vector that at equilibrium is taken to be e z but in an excited state may depend on time. The unit position vector in spherical coordinates isr ¼ sin θ½e x cos ϕ þ e y sin ϕ þ e z cos θ, where fe x ; e y ; e z g are the unit vectors along the Cartesian axes. For Q 2 > 0 ðQ 2 < 0Þ, the envelope function of the electron density is a pancake or cigarlike (oblate or prolate) ellipsoid, respectively.
A local magnetic ion interacts weakly with static electric fields, E ¼ −∇V, where V is the voltage or potential energy of a positive probe charge. To leading order, the ions experience the electrostatic energy [19] hψj − e X N 4f
where −e is the electron charge and −eVðr i Þ is the potential energy of the ith electron. jψi is the 4f many-electron wave function in the ground state. Again, the leading order in a multipole expansion of the crystal field around the origin r ¼ 0 can be parameterized by a quadrupolar term A
:
Inserting Eqs. (2) and (4) into Eq. (3), we arrive at a Hamiltonian that depends on the magnetization direction as
The crystal symmetry orients here the easy (Q 2 A [18] , where a 0 ¼ 0.53 Å is the Bohr radius. The origin of the strong magnetic anisotropy of REs is their large spin-orbit interactions. On the other hand, for 3d transition-metal moments, the anisotropy is usually very small, except at interfaces, where the orbital motions are partially unquenched. In such cases, the anisotropy emerges as the consequence of SOI, the quadrupolar shape of electric potentials at the interface [5] , the hybridization of orbitals, and change in the orbital occupation.
At an interface between materials with different work functions, the symmetry is reduced. The electric field exhibits spatial gradients due to charge accumulation immediately at the interface that result in a step like potential. An external voltage difference ΔV drops over the insulator but is constant in the metal (when the ferromagnet is a bad conductor, the effects are weaker but still exist). The electric field field gradient couples to quadrupoles in the immediate proximity of the interface.
Voltage coupling at interfaces.-Let us focus on a magnetic-insulator film with thickness L F . At the surface, the insulator exposes n RE rare-earth moments per unit of area. Inside the insulator, the electric field is approximately constant, Eðz < 0Þ ¼ e z ΔV=L F , while it vanishes in the metal Eðz > 0Þ ¼ 0; see Fig. 1(a) . Using Eq. (3), the electric energy of a magnetic moment at the origin is then
where H 0 ¼ 5eE 0 Q 2 hri=ð64hr 2 iÞ þ eðΔV=L F ÞN 4f hri=4 does not depend on the magnetization and hr n i ≡ N −1 4f R r n n 4f ðrÞdr. For hr 2 i 1=2 ∼ hri ∼ 0.5 Å the coupling energy per unit area at equilibrium (m 2 z ¼ 1), 
is one order of magnitude larger than the corresponding coupling in transition metals [20, 21] . For electric fields ΔV=L F ∼ 10 mV=nm ¼ 100 kV=cm, the surface energy density becomes ðH e − H 0 Þn RE ≈ 7.5 × 10 −3 erg=cm 2 ¼ 7.5 μJ=m 2 .
Our electrostatic model requires that the atomic terms of the 4f shell in the ground state are stable under applied electric fields, which possibly excludes valence fluctuation compounds. In the Supplemental Material [22] we show that a finite screening length leads to expressions very similar to Eq. (6). In good metals, exchange correlation modifies the screening only slightly and can therefore be disregarded here.
The step field model can also be applied to nonmagnetic insulators and transition-metal ferromagnets (such as Fe, Co, and Ni, or their alloys) with RE ions at the interface that are antiferromagnetically coupled to the magnetic order [25, 26] and facilitate a large coupling of the magnetization to electric fields. Good insulators, such as MgO, can endure very large electric fields (of the order of 300 mV=nm, in FeCojMgO, Ref. [20] , for example). Thus, MgO-based magnetic tunnel junctions with rare-earth doping or dusting are promising devices to study and apply electric-fieldinduced modulations of the magnetization configuration.
In magnetic materials, local angular momenta are strongly locked by the exchange interaction. When a sufficiently strong static magnetic field B is applied, the macrospin model is valid; i.e., the magnetization M is constant in space. The total magnetic energy H M per unit area then reads
The first term on the (dimensionless) right-hand side with h ¼ B=ðμ 0 M s Þ is the Zeeman energy and M s the saturation magnetization. The parameters β x (β z ) account for the inplane (out-of-plane) magnetic anisotropy in the absence of applied electric fields, ΔV ¼ 0. The dimensionless coupling parameter Γ measures the relative strength of the electrostatic coupling ∼n RE eΔVQ 2 =L F that should be compared with magnetic anisotropies. Γ ∼ 0.06 with the following parameters representative for a rare-earth iron garnet thin film such as Tm 3 Fe 5 O 12 :
Since the M s of 8-nm-thick Tm 3 Fe 5 O 12 [27] is at room temperature about 10 times smaller than that of even a subnanometer FeCo film [20] , the coupling strength Γ is 10 times larger for magnetic insulators for the same applied electric field without the need for additional tunnel barriers. Intraband transition and electric breakdown is of no concern as long as eE 0 ≪ ϵ 2 gap =ðϵ F aÞ, where ϵ gap is the band gap, ϵ F the Fermi level in the metal, and a the lattice constant [28] . Using ϵ F ∼ 2 eV, and the gap or lattice constant for yttrium iron garnet (YIG) [29, 30] ϵ gap ∼ 2.85 eV=a ¼ 1.2 nm, we estimate E 0 ≪ 2 V=nm to be safe. The coupling strength Γ decreases ∼L −2 F for a given voltage, so much can be gained by choosing an insulator with a large gap and breakdown voltage that permits working with thin layers. Figure 1(b) shows the stable magnetizations that minimize of the energy (8) in the presence of a magnetic field h ¼ h½e x cos φ þ e z sin φ that is tilted by an angle φ. The parameter are h ¼ 0.01, φ ¼ 5.72°, β x ¼ 0, and β z ¼ −0.03. The application of a constant voltage allows the transition from the easy-axis (right zone) to the easy-plane (left zone) configuration.
The electric field effects in transition-metal devices, as well as the one proposed here, derive from the same type of magnetic anisotropy, although the microscopic coupling mechanism is different. The phenomenology of electric-field-induced precessional dynamics as observed in transition-metal systems [31] does not differ from the one we expect for RE systems. The advantage of interface REs is the lower power consumption and the possibility of using a wider range of materials including magnetic insulators, such as YIG. The magnetization dynamics is described by the Landau-Lifshitz-Gilbert equation
where α is the Gilbert damping constant, γ > 0 is the (modulus of the) gyromagnetic ratio, _ m is the temporal derivative of m, and the effective magnetic field h eff satisfies 
The magnetic torque exerted by the electric field is proportional to −m × γm z e z . Ferromagnetic resonance.-We now turn to an ac electric field that modulates the coupling Γ ¼ Γ 0 cosðΩtÞ, with frequency Ω close to the ferromagnetic resonance (GHz). Since the electric field is normal to thin metallic films <100 nm, the induced Oersted-like magnetic field and associated power are negligibly small. In linear response, the model (10) can be solved analytically for β x ¼ β z ¼ 0. The polar coordinate system is spanned by the unit vectors e 1 ¼ e x cos φ þ e z sin φ, e 2 ¼ −e x sin φ þ e z cos φ, and e 3 ¼ −e y . At the equilibrium state, m eq ¼ e 1 along the applied magnetic field. Around the equilibrium state, the magnetization is m ¼ e 1 þ δm, where δm ¼ δm 2 e 2 þ δm 3 e 3 is the deviation from m eq , with jδmj ≪ 1 and δm · m eq ¼ 0. To leading order in the coupling (Γ 0 ) and dissipation (α), the effective field is ðμ 0 M s Þ −1 h eff ¼ he 1 þ Γ cosðΩtÞ sin φ½e 1 sin φ þ e 2 cos φ and
where ω M ≡ γμ 0 M s . The effective ac magnetic field
where χ 0 and χ 00 are the real and imaginary parts, respectively, of the dynamics susceptibility
and the natural frequency is ω 0 ≡ ω M h ¼ γμ 0 M s h. Figure 2 illustrates δmðtÞ (continuous lines) together with the numeric solution (dots). We see that a large oscillation cone jδmj ∼ 0.15 can be achieved by a relatively low voltage for the aforementioned parameter values and Γ 0 ¼ 0.01 (or ΔV=L F ∼ 1.6 mV=nm).
Magnetization switching.-Magnetic reversal in tunnel junctions is the key process in magnetic random access memories. An applied voltage can reduce the energy barrier for magnetic-field-and current-induced switching or directly trigger the magnetization reversal [31] . The latter effect is illustrated by Fig. 3 assuming perpendicular magnetization (for in-plane magnetization, see Refs. [2, 3] ). An equilibrium magnetization along z [either an up or down state in the right zone in Fig. 1(b) ] is excited by a steplike voltage pulse into large damped precessions around the in-plane equilibrium [left zone in Fig. 1(b) ]. When the voltage is turned off again at the right time, the magnetization can be fully reverted. The switching is observed with a large tolerance in the pulse duration between the pico-and nanosecond scales. In the simulation in Fig. 3 , the pulse duration is around 1 ns, while the application of subsequent pulses toggles the magnetization direction faithfully.
Conclusions and remarks.-We report voltage-modulated magnetic anisotropies and magnetization dynamics of rare-earth magnetic moments at insulator-metal bilayer interfaces. An applied voltage generates inhomogeneous electric fields at interfaces with a large conductivity mismatch that couple efficiently to rare-earth ions with nonspherical electron distributions, i.e., when the shell is not half or completely filled. The voltage can then rigidly precess the charge and spin distributions of the entire 4f subshell via a stronger and direct coupling to the spin than in transition metals. The localized character of 4f electrons allow us to derive the leading order voltage coupling using single-ion-like and step field models without having to carry out first-principles calculations (that are essential for transition-metal systems). Adding rare-earth impurities to insulator-metal bilayers can be used to efficiently switch the magnetization and induce ferromagnetic resonance. Future applications may include rare-earth-dusted magneticinsulator-normal-metal interfaces, such as YIGjPt, that 
